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ABSTRACT 


The  purpose  of  this  program  is  to  investigate  methods  for  improving 
the  bandwidth  capabilities  of  high-power  klystron  amplifiers.  The  objec¬ 
tive  is  a  1  db  bandwidth  improvement  of  at  least  fifty  percent  over  the 
current  state  of  the  art.  Particular  emphasis  is  being  placed  on  the 
study  of  extended-interaction  resonators,  and  the  possible  optimization 
of  these  resonators  through  the  use  of  mode  overlapping. 

In  this  report,  the  results  of  the  initial  investigation  into  the 
effects  of  mode  overlapping  in  extended- interaction  resonators  is  presented. 
During  the  first  four-month  reporting  period,  this  investigation  has  been 
primarily  concerned  with  the  influence  of  a  number  of  different  parameters 
on  the  interaction  impedance,  bandwidth,  and  frequency  response  of  the 
resonators.  The  parameters  of  particular  interest  are:  the  coupling 
between  the  two  cavities,  the  degree  of  external  loading  and  the  location 
of  the  external  load,  the  beam  synchronization  parameter,  and  the  relative 
frequencies  of  the  two  cavities.  The  initial  analysis  has  been  restricted 
to  two-gap  resonators. 

It  is  shown  theoretically  that  the  bandwidth  of  extended-interaction 
resonators  can  be  increased  through  the  use  of  mode  overlapping.  Comparisons 
with  the  bandwidths  of  other  types  of  resonators  at  a  given  maximum  im¬ 
pedance  level  show  that  a  two-gap  extended-interaction  resonator  with  mode 
overlapping  can  have  a  1  db  bandwidth  advantage  of  approximately  three  to 
one  over  a  two-gap, single-mode, extended-interaction  resonator,  ana  close  to 
four  to  one  over  a  conventional  single-gap  cavity.  The  bandwidth  of  a  two- 
gap,  single-  section-  filter  loaded  resonator  is  about  the  same  as  that  of  the 
two-gap,  mode- overlapping  resonator  at  a  given  impedance  level. 
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ABSTRACT  (Continued) 

Three  different  lumped-clement  equivalent  circuits  were  considered 
to  represent  coupled- cavity  resonators.  These  circuits  arc  compared  with 
experimental  cases  and  with  each  other.  It  is  concluded  that  the  most 
practical  circuit,  to  use  is  one  in  which  the  coupling  between  the  cavities 
is  represented  by  a  single  shunt  circuit  element. 
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FOREWORD 

This  document  is  a  report  of  the  work  performed  on  Contract  DA  28-0^3 
AMC-02157(E)  during  the  first  four- month  period. 

The  program  is  being  carried  out  in  the  High  Power  Microwave  Tube 
Laboratory.  The  principal  engineers  are  Erling  Lien,  who  is  serving  as 
project  leader,  and  Darrell  Robinson. 

Sponsorship  and  direction  of  the  program  arc  from  the  U.S.  Army 
Electronics  Command,  Port  Monmouth,  New  Jersey.  The  assigned  Army  Project 
Engineer  is  Park  Richmond. 
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IM’liODUCTION 


A.  P^irposc 

The  purpose  of  this  program  Is  to  investigate  methods  for 
improving  the  bandwidth  capabilities  of  high-power  klystron  ampli¬ 
fiers.  The  objective  is  a  1  db  bandwidth  improvement  of  at  least 
fifty  percent  over  the  current  state  of  the  art.  This  is  to  be 
achieved  without  undue  degradation  of  gain  or  efficiency  and  without 
sacrificing  stability.  Particular  emphasis  is  being  placed  on  the 
study  of  extended-interaction  resonators,  and  the  possible  opti¬ 
mization  of  these  resonators  tl trough  the  use  of  mode  overlapping. 

The  investigation  is  being  carried  out  theoretically  with  the 
aid  of  equivalent  circuits  and  mathemntica  models,  and  experimentally 
to  the  extent  of  performing  cold-test  measurements  on  the  resonators. 
Who  re  applicable,  resonator  parameters  are  chosen  to  be  consistent 
with  a  design  example  of  a  5  megawatt  peak-power  klystron.  Specific 
design  goals  and  tentative  parameters  chosen  for  this  example 
klystron  are  listed  below. 


Frequency 

5.5  GHz 

Gain 

35  db 

Bandwidth  (idb) 

11$ 

Output  power 

5Mw 

Effi cicncy 

35^ 

Beam  Voltage 

IhO  kv 

Beam  Current 

105  A 

Perveance 

2.0  x  10 
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Beam  current  density 

Amps/ cm‘ 

Norms  li  sod  bosun  rs-ciins^  yb 

rad . 

Brilloum  focusing  field 

1200  gauss 

Normalized  tunnel  radius,  ye 

0.77  rad. 

Normalized  interaction  grip 
.length  Ped 

1 . 2  rad . 

B.  Progress 

Most  of  the  work  on  this  contract  during  the  first  reporting 
period  was  aimed  at  studying  the  effects  of  mode  overlapping  in 
two-gap  extended- interaction  resonators.  One  objective  of  this 
study  was  to  arrive  at  general  design  criteria,  for  optimizing  the 
resonators,  and  to  determine  quantitatively  the  combinations  of 
parameters  which  would  yield  the  most  beneficial  effects  cf  mode 
overlapping  in  both  buncher  and  output  resonators.  The  initial 
quantitative  study  of  these  parameter  combinations  was  concerned 
mainly  with  resonators  which  would  be  suitable  for  use  in  the  output 
stage  of  a  broadband  klystron.  Detailed  study  of  resonators  for  use 
in  the  buncher  section  will  be  carried  out  during  the  next  period. 

Also  included  in  the  investigation  during  this  first  period  was 
a  comparison  of  three  different  lumped- element  circuits  to  represent 
the  resonator.  The  purpose  of  the  ccmpa.rison  was  to  determine  which 
circuit  was  best  from  the  standpoint  of  ra-edicting  the  resonator 
interaction  impedance  as  a.  function  of  frequency. 

Details  of  the  progress  for  this  period  are  presented  in  the 
sections  following. 
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TWO- GAP  EXTENDED- INTERACTION  RESONATORS  WITH  MODE  OVERLAPPING 


A.  Introduction 

It  has  long  been  the  feeling  among  engineers  Involved  -with  tlic 
design  of  broadband  klystrons  that  the  performance  of  this  type  of 
klystron  could  be  improved  through  the  use  of  extended- interaction 
resonators.  This  feeling  is  based  on  the  advantages  offered  by  these 
resonators,  some  of  which  are:  (l)  the  resonator  R  ^/Q  can  be  higher 
than  in  a  single-gap  cavity;  (2)  the  power  density  within  an  output 
resonator  can  be  lower  than  that  in  a  single- gap  cavity  by  a  factor 
of  n  ,  where  n  is  the  number  of  ga.ps;  (3)  an  extended- intera.ction 
output  resonator  can  produce  a  higher  degree  of  electron  bunching 
and  therefore  higher  efficiency;  and  (k)  it  is  possible  to  obtain 
lower  values  of  beam- loaded  Q  in  the  extended- interaction  resonator. 
The  first  three  items  above  are  important  in  the  output  stage  of  a 
klystron.  The  first  ana  fourth  items  are  advantageous  in  the 
buncher  section. 

The  characteristics  and  theoretical  perfomiance  of  extended- 
interaction  resonators  in  high-power  broadband  klystrons  were 
studied  extensively  in  a  previous  contract1.  In  tha.t  investigation, 
the  extended- interaction  resonators  considered  were  restricted  to 
single-mode  resona.tors,  wherein  only  one  mode  was  excited  at  a  p±me . 
It  was  shown  that  operation  in  the  n  mode  is  generally'  to  be  pre¬ 
ferred  in  both  the  buncher  ana  output  sections  at  the  megawa.tt-peak- 
power  level  chosen  for  the  study.  It  was  also  shown  that  when  the 
two  resonator  modes  were  separated  sufficiently  to  assure  single¬ 
mode  operation,  the  jt-m.ode  Rg^/Q  °f  a  two-gap  resonator  was 
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substantially  less  than  twice  the  R^/Q  °f  the  individual  single-gap 
cavities.  This  was  one  of  the  primary  factors  influencing  the  results 
which  led  to  the  conclusion  that  single-gap  cavities  seem  to  be  the  best 
choice  for  the  buncher  section  of  high  power  broadband  klystrons. 

It  was  also  observed  that  this  latter  conclusion  might  not  hold  if 
the  modes  were  allowed  to  overlap  in  the  extended- interaction  buncher 
resonators.  In  this  case,  the  resonators  would  be  operated  in  more  than 
one  mode  over  the  band,  with  the  operation  blending  smoothly  from  one 
mode  to  another.  By  so  doing,  it  seemed  reasonable  to  expect  that  a 
higher  interaction  impedance  over  a  greater  bandwidth  might  be.  achieved 
in  the  individual  resonators.  Such  a.  result  would  aloO  be  beneficial  in 
an  output  resonator. 

It  is  one  of  the  primary  goals  of  this  contract  to  study  extended- 
interaction  resonators  with  mode  overlapping.  Much  of  the  work  during 
this  first  period  was  concerned  with  finding  the  interaction  impedance  of 
such  resonators.  The  investigation  initially  is  being  restricted  to 
resonators  with  two  gaps.  There  are  two  reasons  for  this  restriction. 
First,  from  the  standpoint  of  both  the  theoretical  analysis  and  the 
contemplation  of  future  cold  testing  and  construction  of  these  resonators, 
it  seems  most  reasonable  to  start  with  the  simplest  case.  If  it  is  deemed 
useful,  the  investigation  can  be  extended  to  resonators  with  more  gaps 
later.  Second,  by  restricting  the  number  of  gaps  tc  two,  the  possibili¬ 
ties  of  instability  are  minimized. 

The  analysis  leading  to  the  results  reported  in  this  section  was 
based  on  the  equivalent  circuit  described  in  Part  B,  below.  The  equations 
used  in  the  a.naiysis,  and  their  derivation,  are  discussed  in  Appendix  I. 
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Many  of  the  calculations  were  performed  with  the  aid  of  digital 
computers.  Some  guidelines  l'or  choosing  the  resonator  parameters  to 
be  used  in  the  computer  calculations  were  obtained  from  an  approxi¬ 
mate  analysis,  in  which  the  equations  were  simplified  enough  to  be 

solved  without  the  aid  of  a  computer.  Some  help  in  the  selection  of 

2 

parameters  was  o.lso  obtained  from  the  thesis  of  Bert  .  Most  of  the 
resona.tors  studied  during  this  first  period  had  one  cavity  loaded  to 
a  low  Q  value,  such  as  would  be  the  case  in  a  resonator  to  be  used  in 
the  output  stage  of  a  broadband  klystron. 

B.  Equivalent  Circuit 

The  lumped- element  equivalent  circuit  being  used  to  represent 

two-gap  extended-interaction  resona.tors  is  shown  in  Fig.  1.  The 

resistance  shown  in  each  ca.vity  includes  any  external  loading  of 

that  cavity  as  well  a.s  resistive  losses  in  the  cavity  walls.  The 

coupling  between  the  two  cavities  is  represented  by  a  single  element, 

the  shunt  inductance  L  .  This  circuit  is  very  attractive  both 

o 

because  of  its  simplicity  and  also  because  it  simula.tes  very  well 
the  general  behavior  of  the  two  mode  frequencies  as  a  function  of 
the  coupling  that  exists  in  an  actual  inductively- coupled  backward- 
wave  resonator.  In  both  this  model  and  the  a.ctua.l  resonator,  the 
rt-mode  frequency  decreases  with  increasing  coupling  while  the  2n-mode 
frequency  is  practically  unaffected.  The  value  of  the  coupling 
Inductance  L.  can  easily  be  related  to  the  actual  coupling  in  a  cold 
test  resonator  from  a.  knowledge  of  the  frequencies  of  the  two  modes 
in  the  resonator  before  it  is  coupled  to  any  external  load.  In  the 
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cav/ty&j 


cAV/ry&z 


Fig.  1 


Inductively- coupled  two-gap  resonator  equivalent  circuit 
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lossless  case  with  identical  cavities, 

~  =Vl  +  2a 

it 


0) 


where 

L 

a-E2 

Li 

Two  other  lumped -element  circuits,  in  which  the  coupling  slots 
between  cavities  are  represented  by  shunt  resonant  circuits,  were 
also  considered.  They  arc  discussed  and  compared  with  the  circuit 
of  Fig.  1  in  the  following  section. 
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Modes  of  the  Undriven  Resonator 

A  great  deal  of  insight  into  what  happens  in  a  resonator  when 
the  modes  overlap  can  be  gained  by  studying  the  properties  of  the 
modes  in  an  undriven  resonator  (no  rf  excitation  by  the  beam).  As 
described  in  Appendix  I,  these  modes  may  be  found  by  solving  for  the 
complex  frequency  roots  of  Eq.  (I-3*j): 

|K|=  0  (3) 

where  |K|  is  the  determinant  of  the  circ.iit  impeda.nce  matrix.  The 
overall  Q  of  the  resonator  in  each  mode  may  be  found  from  these 

3 

complex,  roots  by  use  of  the  relation 


where  and  a  are  the  res.l  and  imaginary  parts  of  the  complex  frequency, 
respectively.  The  relative  amplitudes  end  phase  angles  of  the  rf 


gap  voltages  in  each  mode  may  be  found  by  solving  Eq.  (1-37)  at  the 
complex  frequencies  of  the  modes. 

A  picture  of  the  gap  voltages  at  the  modes  of  one  res orator  is 
r'lovm  in  Pig.  2.  Here  the  second  cavity  is  loaded  to  a  Q,  of  p,  while 
the  first  cavity  is  unloaded.  (Q^  refers  to  the  loaded  Q,  of  the 
second  cavity  before  it  is  coupled  to  the  first  cavity.)  The  graph 
illustrates  the  change  in  VQ  relative  to  in  the  two  modes  when 
the  coupling  parameter  Ct  is  varied.  is  arbitrarily  chosen  to  be 
equal  to  1  +  JO  in  both  modes,  (it  is  convenient  to  choose  V,  for 
reference  since  the  induced  current  in  the  first  gap  will  he  chosen 
for  reference  in  the  cases  where  the  resonator  is  driven.) 

It  is  seen  that  for  large  values  of  a  the  high  frequency  mode 
approaches  a.  pure  2it  mode  (v2  in  pha.se  with  V  )  and  the  low  fre¬ 
quency  mode  approaches  a  it  mode  (Vp  and  it  radians  out  of  phase). 

As  a  decreases  and  the  modes  overlap  more,  both  modes  become  dis¬ 
torted.  However,  the  voltage  vectors  in  the  two  modes  do  remain 
approximately  symmetrically  located  with  respect  to  the  imaginary 
axis. 

Figure  3  shows  the  gap  voltage  picture  for  this  same  resonator 
when  the  coupling  is  held  constant  at  a  =  0.1,  but  the  loading  of 
the  second  cavity  is  changed.  Here  it  is  seen  that  the  modes  are 
nearly  pure  for  high  values  of  Qg,  but  that  they  become  more  dis¬ 
torted  as  Qg  is  decreased. 

These  two  figures  indicate  what  one  would  intuitively  expect  to 
observe:  that  the  degree  of  mode  overlapping  is  a  function  of  both 
the  coupling  between  the  cavities  (frequency  separation  between  the 
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f  \ Jz ,  HIGH  -  FREQUENCY  MODE 
\  , LOW- FREQUENCY  MODE 


Fig.  2  -  KF  gap  voltage  vectors  in  8  two-gap  resonator  as  a  function 
of  the  coupling  parameter  Cl.  is  used  for  a  reference. 
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/  VZ>HJCH  FREQUENCY  MODE 
\  V2 ,  LOW-  FREQUENCY  MODE 


cX  =  OJ 

f/Q,  =  0 


Fig.  3  -  RF  gap  voltage  vectors  '  a  two-gap  resonator  as  a  function 
of  the  loaded  Q  of  the  second  cavity. 
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two  modes)  and  the  loading  of  the  resonator.  For  example,  one  would 


oxpccu  una  u  ior  une  uu  !- > v o x*  1 a j p  in  a  high— ft  resonator,  they, 

would  have  to  be  closely  spaced  in  frequency.  A  detailed  comjxi  risen 
of  the  voltage  vectors  in  Figs.  2  and  3,  taking  into  account  the 
values  of  both  the  coupling  parameter  a  and  the  Q  of  the  loaded 
cavity  in  each  case,  even  suggests  that  the  degree  of  mode  overlapping 
is  determined  by  the  product  Cf  ft.  This  is  approxima tely  true ,  but  an 


examination  of  all  of  the  elements  of  the  interaction  impedance 


expression  chows  that  it  is  not  exactly  true. 

The  gap  voltage  diagrams  in  these  two  figures  also  give  some 
information  about  the  relative  Q  values  of  the  overall  resonator  in 


the  two  modes.  In  this  case,  where  the  second  cavity  is  loaded  but 
the  voltage  on  the  first  ga.p  is  used  for  reference,  the  mode  with  the 
lowest  magnitude  of  V0  will  have  the  highest  ft.  (This  can  be  seen  by 
imagining  what  the  picture  would  look  like  if  V0,  the  voltage  in  the 
loaded  cavity,  were  used  for  reference,  and  by  thinking  of  the 
definition  of  ft  in  terms  of  stored  energy  and  power  loss.)  When 
the  magnitude  of  Vg  is  the  same  in  both  modes,  the  ft's  of  the  two 
modes  will  be  nearly  equal  when  the  frequency  separation  between 
them  is  small.  (This  will  not  be  true  for  a  large  frequency  differ¬ 
ence  between  the  modes  because  the  loading  of  the  second  cavity 
varies  with  frequency.)  It  is  seen  that  the  Q’s  of  the  two  modes 
are  approximately  equal  when  the  amount  of  mode  overlapping  is 
moderate.  However,  for  a  large  degree  of  overlapping  the  ft  of  one 
mode  dominates,  in  this  case  the  lower  frequency  mode. 

In  the  resonator  of  Figs.  2  and  3,  the  capacitances  and 
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inductances  (and  therefore  also  the  unloaded  resonant  frequencies) 
of  the  two  cavities  wore  assumed  to  be  equal.  Figs.  i<  and  5  show 
what  happens  to  the  gap  voltages  when  the  loaded  cavity  is  detuned 
by  changing  its  inductance  (gap  capacitances  still  equal) .  The  ratio 
of  the  unloaded  resonant  frequencies  of  the  two  individual  cavities 
is  specified  by  the  parameter  y0  =  up/ax^.  The  pi.:. so  of  in  each  of 
the  two  modes  is  changed  only  slightly,  but  the  magnitude  of  Vg  is 
changed  considerably.  When  the  loaded  cavity  is  tuned  low,  the  Q  of 
the  low  frequency  mode  decreases  and  the  Q  of  the  high  frequency 
mode  increases.  The  opposite  is  true  if  the  loaded  cavity  is  tuned 
high . 

The  mode  frequencies  and  calculated  Q's  corresponding  to  the 
co.ses  shown  in  Figs.  2-5  are  listed  in  Table  I. 

D.  Frequency  Response  of  the  Driven  Pesonator 

The  mode  voltage  diagrams  presented  above  provide  a  good  overall 
picture  of  what  happens  in  the  undriven  resonator.  However,  they  do 
not  show  what  the  continuous  frequency  response  of  the  resonator  will 
be  when  it  is  driven  by  a.  modulated  beam.  This  response  was  found 
by  calculating  the  power  output  from  the  resonator  (power  delivered 
to  the  loa.d  of  the  loaded  cavity)  os  a  function  of  frequency  for 
specified  rf  drive  currents.  The  interaction  impedance  of  the 
resonator  was  also  determined  from  this  information.  As  described  in 
Appendix  I,  the  interaction  impedance  has  been  defined  in  terms  of  the 
output  power  ana  the  rf  drive  current: 

Re  Zp  =  ~  (5) 

A 
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I  V* ,  NIC  H  -  FRCQUL  NC  Y  MODS 
W2 ,  LOW-F RSQENC  y  MODS 


\  =  0.  94 
*  =Q./3 


Fig.  1.  -  RF  gap  voltage  vectors  in  a  two-gap  resonator.  Tlie 
loaded  cuvity  is  tuned  low. 
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f  Vz , HIGH- FREQUENCY  MODE 

\  v2  , low-frequency  mode 


T2 -1.06 


Fig.  5  -  RF  gap  voltage  vectors  in  a  two-gap  resonator.  The 
loaded  cavity  is  tuned  high. 
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Freq. 

0, 

0.09 

5 

1.0 

.960 

6.9 

.956 

21.4 

0.1 

5 

1.0 

.960 

7.8 

•  9^9 

15.6 

0.13 

5 

1.0 

•  975 

9.6 

.912 

11.7 

0.2 

5 

1.0 

.985 

9.8 

.  856 

12.0 

0.5 

5 

1.0 

•994 

9.9 

.710 

14.2 

1.0 

5 

1.0 

.996 

10.0 

•  579 

17-3 

0.1 

10 

1.0 

•  993 

19.8 

.919 

22.1 

0.1 

20 

1.0 

.993 

39.9 

•  914 

43-9 

0.1 

50 

1.0 

1.000 

100 

.913 

110 

0.1 

100 

1.0 

1.000 

200 

.913 

219 

0.13 

5 

•  94 

.961 

22.5 

.874 

6.8 

0.13 

5 

1.06 

1.019 

6.8 

.918 

23.7 

TABLE  I 


Frequencies  and  Q's  of  the  modes  of  the  undriven  resonator 


where  P  is  the  power  dissipated  in  the  loud,  and  A  is  the  amplitude 
of  the  rf  current  iuduced  in  the  first  gap. 

When  specifying  the  rf  excitation  of  the  resonator,  we  have 
chosen  to  use  the  induced  current  in  the  first  gap  as  a  reference. 

So  11  is  given  by 

I-L  =  A  (6) 

where  A  is  real.  The  most  general  expression  for  the  current  Induced 
in  the  second  gap  is 

I2  =  a2  AeJ02  (7) 

The  computer  program  which  is  used  to  calculate  the  power  output 
from  the  resonator  assumes  that  1^  and  I2  occur  simultaneously  in 
time,  whereas  in  an  actual  klystron  the  second  gap  is  excited  later 
in  time  than  the  first  ga.p.  The  phase  angle  0g  is  used  to  simulate 
the  phase  change  of  both  the  rf  beam  current  and  the  gap  voltages 
which  takes  pla.ee  during  the  transit  time  of  the  beam  between  the 
first  and  second  gaps  in  the  actual  situation.  Since  this  transit 
time  is  normally  small  compared  with  one  period  of  plasma  oscilla.tion, 
but  is  an  appreciable  fraction  of  the  period  of  the  rf  drive  fre¬ 
quency,  the  magnitude  of  @2  will  be  approximately  equal  to  the 
normalized  distance  between  the  resonator  gaps.  In  order  to  simulate 
a  later  time  phase  for  I2,  6g  must  be  negative.  Thus, 

02  ~  "  £eP  (8) 

where  p  is  the  spacing  between  the  two  gap  centers  and  is  the 


-16- 


usual  propagation  factor  associated  with  the  dc  bea.m  velocity.  It 
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function  of  frequency.  This  has  been  taken  into  account  in  the 


calculations. 


0g  will  also  be  a.ffected  by  changes  in  the  average  electron 
velocity  due  to  the  energy  exchange  between  the  beam  and  the  resonator 
in  the  first  gap.  Changes  in  the  amplitude  of  the  rf  beam  current 
which  accompany  the  modulation  or  demodulation  of  the  beam  in  the 
first  gap  can  be  simulated  by  adjusting  the  coefficient  to  be 
greater  than  or  less  than  unity.  However,  these  effects  of  the  beam 
modulation  within  the  first  gap  were  ignored  initially  in  order  to 
simplify  the  calculations  and  to  obtain  a  general  picture  of  the 
behavior  of  the  driven  resonator  without  having  to  specify  particular 
beam  and  gap  parameters. 

The  response  of  one  resonator  when  driven  by  the  beam  is  shown 
in  Fig.  6,  where  the  output  power  is  plotted  as  a.  function  of  normal¬ 
ized  frequency  (normalized  to  the  unloaded  resonant  frequency  of  the 
first  cavity) .  Curves  are  shown  for  a  number  of  different  values  of 
the  coupling  parameter  (X.  The  synchronization  between  the  beam  and 
the  circuit  ( 8^)  has  been  fixed  at  a  value  that  yields  approximately 
equal  output  power  in  the  two  modes  when  a  =  0.13.  The  two  cavities 


of  the  resonator  are  a.ssumed  to  be  equal,  except  that  the  second 
cavity  has  been  loaded  to  a  Q  of  5  while  the  first  cavity  remains 
unloaded.  The  values  listed  for  the  current  amplitude  factor  A  and 
the  Rsh/Q  of  the  first  cavity  were  chosen  arbitrarily.  The  choice 
of  these  values  does  not  affect  the  shape  of  the  curves  but  only  their 
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Power  response  of  a  two-gap  driven  resonator  for  different  values  of  the 
coupling  parameter  a.  The  real  pert  of  the  interaction  impedance  is 
proportional  to  the  power. 


amplitude  (P  is  proportional  to  the  product  of  (R  an<^  A  )  • 

The-  change  in  the  recpor.ee  of  the  resonator  as  0:  is  varied  is 
consistent  with  what,  would  be  expected  from  a  study  of  Fig.  2  and 
Tabic-  I.  As  cs  decreases,  the  frequency  separation  between  the  two 
modes  also  decz-eases.  Furthermore,  as  a  approaches  the  lowest  value 
shown  (.09)  the  two  inodes  not  only  become  very  close  in  frequency, 
but  the  ft  of  the  lower  mode  increases  rapidly.  Also,  for  the  higher 
values  of  a  In  Fig.  6,  one  would  expect  that  the  beam  should  be 
synchronized  approximately  halfway  between  the  two  modes  (0O  -  1.5  «), 

but  that  the  higher  frequency  mode  should  be  favored  slightly  since  it 
has  a  slightly  lower  ft.  Tills  expectation  is  verified  since  in  the 
case  shown,  6g  =  -  1 . 5h  it  at  the  center  of  the  resonator  response 
(tt)  .9^  . 

The  figure  also  illustrates  how  the  bandwidth  cf  the  resonator 
changes  as  a  varies.  The  1  db  bandwidth,  for  example,  increases  as 
a  increases  until  the  power  output  at  the  center  of  the  response  is 
1  db  below  the  peak  power  output.  Beyond  this,  the  power  at  the 
center  of  the  response  becomes  a  smaller  fraction  of  the  peak  power 
and  the  1  db  bandwidth  drops  suddenly  to  a  lower  value.  To  taka 
maximum  advantage  of  the  possible  bandwidth  increa.se,  the  beam 
synchronization  should  be  adjusted  until  there  is  equal  power  output 
at  the  two  modes. 

The  effect  of  synchronization  changes  on  the  response  of  this 
same  resonator  is  shown  in  Fig.  7,  where  a  and  the  other  parameters 
are  held  constant  while  Gg  is  varied.  It  ca.n  be  seen  that  the 
symmetry  of  the  response  is  a  fairly  sensitive  function  of  the  beam 
synchronization. 
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ise  of  the  two-gap  driven  resonator  for  three  different  values 
synchronization  parameter. 


It  is  Informative  to  look  at  the  gap  voltage  distribution  in  the 
driven  resonator.  The  two  gap  voltages  arc  plotted  in  Figs.  8,  9  and 
10  at  the  frequencies  of  the  two  modes,  and  also  at  a.  frequency 
halfway  "between,  for  the  case  where  CX  =  0.13  and  G0  (at  or.)  is  -1.635  it. 
In  these  plots  1^  (which  is  purely  real)  is  used  as  a.  phase  reference. 
The  phase  of  is  shown  at  each  frequency.  The  amplitudes  of  I  and 
Ip  are  equal  and  are  presented  in  arbitrary  units  on  these  plots. 

The  two  gap-voltage  magnitudes  are  seen  to  be  approximately  equal 
at  the  three  frequencies  spanning  the  resonator  response.  This  is 
important  wherever  uniformity  of  power  dissipation  within  the  resonator 
is  of  concern,  as  it  would  be  if  the  resonator  were  to  be  used  in  the 
output  stage  of  a.  high-a.verage-power  klystron.  The  figure  also  shows 
that  the  two  gap  voltages  are  approximately  in  phase  with  the  respective 
induced  gap  currents.  This  indicates  that  there  is  power  transfer  from 
the  beam  to  the  resonator  in  both  gaps. 

It  should  be  pointed  out  that  the  power  response  of  the  resonator 
(power  output  as  a  function  of  frequency)  would  be  unchanged  if  the 
first  cavity  were  loaded  to  the  Q  of  five  instead  of  the  second  cavity. 
However,  the  gap  voltage  distribution  would  be  drastically  altered. 

This  is  illustrated  in  Figs.  11,  12,  and  13,  where  the  gap  voltages 
are  plotted  at  the  same  three  frequencies  as  in  the  previous  three 
figures,  but  with  the  first  cavity  loaded.  Here  the  magnitudes  of 
and  Vg  are  quite  unequal  at  all  three  frequencies.  Furthermore,  the 
phase  of  has  changed  considerably.  V,  is  nearly  90°  out  of  phase 
with  near  the  two  edges  of  the  resonator  response  and  is  approxi¬ 
mately  l80°  out  of  pha.se  with  1^  at  the  center  of  the  response.  Thus 
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Pip.  11  -  BP  pap  voltage  and  drive  current  vectors  in  the  resonator  of 
Pip.  6,  except  cavity  ?fl  loa.ded.  [Hie  power  response  is  the 
same  as  shown  in  Fig.  ('>.  CC  =  0.13,.  co/ ax.  j  =  0.91. 


there  would  he  very  little  power  transfer  between  the  beam  and  the 
resonator  in  the  first  gap  near  the  response  edges,  and  a  transfer  of 
power  from  the  resonator  to  the  beam  at  the  response  center. 

The  relative  voltage  magnitudes  and  phase  relationships  between 
voltages  and  currents  that  exist  in  Pigs.  8,  9>  and  10  (cavity  jf2 
loaded)  ca.n  also  be  obtained  when  the  first  cavity  is  loaded  if  0p  is 
changed  to  approximately  -jt/2.  However,  in  this  instance  the  gap-to- 
gap  spacing  is  so  short  (Pgp  rs  k/2)  that  there  would  not  be  sufficient 
room  for  the  wall  between  cavities  in  some  cases. 

When  the  loaded  cavity  of  the  resonator  is  detuned,  the  power 
response  is  affected  as  shown  in  Fig.  1^.  Here  the  second  cavity  is 
tuned  low  by  increasing  its  inductance.  The  two  gap  capacitances  are 
still  assumed  to  be  equal.  The  change  in  the  Q's  of  the  two  modes  is 
quite  evident  in  this  picture.  In  order  to  restore  the  condition  of 
equal  power  output  at  the  two  modes,  the  beam  synchronisation  must 
favor  the  mode  with  the  lower  Q  (in  this  case,  the  lower  frequency 
mode ) . 

Figure  15  shows  the  resonator  response  for  the  case  where 
-  0.98  and  the  synchronization  has  been  properly  adjusted. 

Figure  16  illustrates  the  response  for  the  ca.se  where  y ■  =  O.93  and 
9g  at  is  equal  to  -1 . Ihjt  (  6g  as  -it  at  tu  =  .88to^).  This  latter  case 
represents  nearly  the  extreme  of  favoring  the  lower  frequency  mode 
(nominally  the  it  mode).  The  gap  voltage  distribution  corresponding  to 
the  response  of  Fig.  16  is  shown  in  Bigs.  17,  18,  and  19. 

A  comparison  of  the  1  db  bandwidths  represented  in  Figs.  15,  1 6, 
and  the  y^  =  1.0  case  of  Fig.  1^  shows  that  the  bandwidth  varies  from 
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Power  response  of  the  driven  tvo-^rap  resonator  short  ne 
of  tuning  the  loaded  cavity-  lev  while  the  other  oerotoe' 


-1 00 ohms  .  VQ.  ~  0 »  Qz  ~  5.0 


Fig.  1 6  -  Power  response  of  the  two-gap  driven  resonator.  The  beam  synchronizati.cn 
has  been  adjusted  so  ^  =  -  it  at  the  lower  frequency  mode,  and  the  loaded 
cavity  has  been  tvneo  low  to  yield  equal  power  out rut  in  the  two  inodes. 


(d/cji  -  0.  9i5 


Fig.  18  -  KF  gap  voltage  and  drive  current  vectors  in  the 
resonator  of  Fig.  16.  cu/uv  =  O.915. 


U/cj,  =0.945 

l^(pf  ~  O  f  C?2,  —  >5. 0 


Fig.  19  -  RF  gap  voltage  and  drive  current  vectors  in  the 
resonator  of  Fir.  1C.  (jo/ox  =  0.9^5. 


12.1  percent  for  yc  =  1.0  to  12.6  percent  for  y0  =  0.93-  Tills 
indicates  that  there  is  no  large  bandwidth  increase  to  be  gained  by 
detuning  one  of  the  cavities.  However,  the  fact  that  the  resonator 
can  be  shorter  when  the  loaded  cavity  is  tuned  low  (p  p  it  in  Fig.  16 
while  p  1.6  it  in  Fig.  1^)  might  be  advantageous.  (The  shorter 
resonator  might  have  a  more  favorable  cavity  geometry  and  therefore 
a  higher  (R^/Q)  than  the  longer  resonator.) 

The  information  contained  in  Figs,  lh ,  15,  and  16  points  out  the 
fact  that  the  beam  synchronization  must  be  changed  when  one  cavity  is 
detuned.  However,  this  also  suggests  the  possibility  of  compensating 
for  the  change  in  the  beam  synchronization  which  accompanies  a  change 
in  the  operating  beam  voltage  by  tuning  one  of  the  resonator  cavities. 

It  is  realized  that  the  12  percent  1  db  bandwidth  predicted  in 
the  figures  presented  above  does  not  meet  the  I*)  percent  objective  of 
this  contract.  However,  the  purpose  of  presenting  these  curves  is  to 
show  the  general  behavior  of  the  resonator  with  changes  in  the  param¬ 
eters,  and  not  necessa.rily  what  is  required  to  achieve  the  full  lh 
percent  bandwidth.  A  comparison  of  the  mode  overlapping  resonator 
with  other  resonator  types  is  presented  below. 

E.  Bandwidth  Comparisons  Between  Different  Resonator  Types 

*  It  was  demonstrated  above  that  the  be.ndwidth  of  a  two-gap 
resonator  ca.n  be  increased  by  employing  mode  overlapping  and  proper¬ 
ly  choosing  the  resonator  and  beam  parameters.  But  in  order  to  fairly 
evaluate  the  merits  of  any  particular  type  of  resonator,  its  bandwidth 
capabilities  must  be  compared  with  other  resonator  types  at  a  constant 
impedance  level. 
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The  impedance  and  bandwidth  of  single-mode  resonators  can  be 

deduced  from  the  Yaluc-5  of  Q  and  R  ,  /ft  measured  at  the  mode  of 

sh 

interest.  At  the  resonant  frequency  of  the  mode,  the  impedance, 
both  real  and  at  a  maximum,  is  given  by 


(Re  Z) 


max 


-)  ft 


(9) 


Let  the  3  db  bandwidth  of  the  resonator  be  defined  in  terms  of 
the  frequencies  at  which  the  real  part  of  the  impedance  is  one  half 
the  maximum  value  (total  impedance  magnitude  dam  by  a  factor  of 
l/v/sT).  Similarly,  let  the  1  db  bandwidth  be  defined  in  terms  of  the 
frequencies  at  which  the  real  part  of  the  impedance  is  80  percent  of 
the  maximum  value.  The  3  db  and  1  db  ba.ndwidtlis  are  then  related  to  the 


Q  by 


and 


/Af  _  1_ 

lf  Jl  db"2* 


(10) 


(11) 


In  resonators  where  the  modes  are  not  distinctly  separated, 
such  as  in  filter- loaded  resonators  or  extended- interact! on  resonators 
operating  with  mode  overlapping,  the  concepts  of  R^/Q.  and  Q  are  not 
directly  applicable.  In  these  cases,  the  interaction  impedance  is 
best  determined  by  direct  measurement.  However,  at  the  time  of  the 
writing  of  this  report,  no  cold  tests  had  been  performed  on  mode¬ 
overlapping  resonators  similar  to  the  ones  being  reported  on  theoreti¬ 
cally.  Therefore  for  the  purposes  of  the  comparison  being  made  in  this 
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section,  the  Impedance  as  predicted  by  the  equivalent  circuit  will  be 
used. 

It  should  be  noted  that  there  is  some  ambiguity  involved  in  the 
use  of  the  circuit  of  Fig.  1  when  predicting  the  impedance  of  roconn- 
tors  with  overlapping  modes.  The  ambiguity  arises  in  connection  with 
the  fuct  that  this  circuit  predicts  a  higher  R  /Q  for  the  it  mode  then 
for  the  2jt  mode  when  the  gap  capacitance  is  assumed  to  be  independent 
of  frequency.  This  is  contrary  to  experimental  observation  in  an 
inductively- coupled  backward- wa.ve  resonator.  However,  no  serious 
problem  is  raised  when  using  this  circuit  in  the  analysis  of  single- 
mode  resonators,  where  the  modes  are  separate  and  distinct.  In  tlu  s 
case  the  circuit  capacitance  can  be  defined  in  terms  of  the  experi¬ 
mentally  measured  frequency  and  R  /Q  of  the  mode  of  interest  (see 
Eq.  1-23).  But  when  trying  to  predict  the  interaction  impedance  of 
a  resonator  with  mode  overlapping,  it  was  not  immediately  clear  which 
mode  to  use  to  define  the  equivalent  gap  capacitance.  If  the 
capacitance  is  defined  in  terms  of  the  jt-roode- R^/Q,  the  predicted 
impedance  over  the  entire  resonator  bandwidth  will  be  less  than  if 

the  capacitance  value  is  based  cn  the  2’t-mode  R  . /Q,  even  thou eh  the 

sh 

operation  of  the  resonator  includes  both  modes,  blending  smoothly 
from  one  to  the  other. 

Because  of  this  uncertainty,  other  equivalent  circuits  were 
studied  in  an  effort  to  find  one  which  would  fairly  accurately  pre¬ 
dict  the  experimentally  observed  change  in  tne  n-mode  R^/Q  as  a 
function  of  the  mode  sepa.ra.tion.  Two  circuits  were  considered  in 
detail.  A  discussion  of  these  circuits  and  a  comparison  of  them  with 
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the  circuit  of  Fig.  1  are  presented  in  the  follow!'  ;  section.  The 

conclusion  reached  there  is  that* the  circuit  of  Fig.  1  should  be  used, 

and  that  the  gap  capacitance  values  should  be  defined  in  terras  of  the 

R„u M  and  resonant  frequency  of  the  individual  cavities  (the  two 
sn 

cavities  before  they  are  loaded  or  coupled  to  each  other).  This  is 
what  was  done  in  the  calculations  of  the  response  curves  j  esented  in 
this  section. 

For  an  example  case  of  a.  resonator  with  mode  overlapping,  choose 
the  curve  with  y =  1.0  in  Fig.  lh .  (it  should  be  noted  that  the 
power  is  down  only  0.5  db  at  the  center  of  the  response,  so  this  case 

'  V 

represents  less  than  the  maximum  1  db  bandwidth  available  for  =  5.) 

The  value  assumed  for  (R^/Q)^  was  100  whereas  previous  cold-test 

measurements  have  shown  that  a  value  of  110  is  reasonable  to  assume 

b 

for  a  single-gap  cavity.  Taking  this  into  account  (P  is  proportional 
to  in  Fie-  1*0  and  calculating  the  real  part  of  the  inter¬ 

action  impedance  from  Eq.  (5),  wc  find  that  the  maximum  value  of 
Re  Z>c  is  approximately  1850  ohms. 

Using  this  value  of  impedance  as  a  reference,  Table  II  shows  a 
comparison  between  the  1  db  and  3  an  bandwidths  of  three  different 

t.'pes  of  resonators.  The  values  of  R^/Q  assumed  for  the  two  s  ingle - 

ll 

mode  resonators  were  based  on  previous  cold  test  measurements  . 

The  values  of  Q  shown  were  calculated  using  Eq.  (9). 

Even  allowing  for  some  error  in  the  predicted  ir.if  *  -ice  level, 
it  is  seen  that  the  use  of  mode  overlapping  in  the  two-gap  resonator 
offers  a.  substantial  increase  in  the  resonator  bandwidth  at  a  given 
impedance  level.  The  bandwidth  advantage  over  the  two-gap  single-mode 


-38- 


resonator  is  approximately  three  to  one,  and  close  to  four  to  one  over 

the  single-gap  cavity.  These  bandwidth  advantage  figures  are  consist- 

2 

ent  with  those  predicted  by  Bert. 

There  is  one  other  type  of  resonator  that  should  be  compared 
with  the  mode- overlapping  resonator,  and  that  is  the  filter-loaded 
resonator.  We  have  no  data  presently  available  on  the  two  types  of 
resonators  where  they  are  designed  for  equal  bandwidth.  However,  the 
maximum  value  of  Re  Z predicted  for  one  filter-loaded  two-gap 
resonator  with  a.  lcj>  percent  1  db  bandwidth  was  approximately  1300 

g 

ohms.  Thus  the  impedance  level  of  this  type  of  resonator  is  com¬ 
parable  to  that  of  the  two-gap  resonator  with  mode  overlapping.  If 
it  is  assumed  that  the  maximum  impedance  is  inversely  proportional  to 
the  bandwidth,  the  mode- overlapping  resonator  would  have  a  slightly 
higher  impedance  at  a  given  bandwidth. 
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INVESTIGATION  OF  TOO  ADDITIONAL  EQUIVALENT  CIRCUITS 
TO  REPRESENT  COUPLED  -  CAVITY  RESONATORS 


A.  Introduction 

The  equivalent  circuit  chosen  to  represent  two-ga.p  extended- 
interaction  resonators  for  the  analysis  presented  in  the  preceding 
section  was  shown  in  Fig.  1.  This  circuit  was  described  briefly  in 
the  previous  section.  It  was  pointed  out  that  the  circuit  simulated 
very  well  the  general  behavior  of  the  two  resonator  mode  frequencies 
as  a.  function  of  the  coupling  between  the  two  cavities.  It  was  also 
mentioned  that  the  circuit  did  not  properly  predict  the  n-mode  R  . /Q 
Of  the  resonator.  In  fact,  the  predicted  it -mode  R  /Q  is  higher  than 

\  ,  Si! 

the  2jt-mode  R^/Q  (when  the  gap  capacitances  are  assumed  to  be  in¬ 
dependent  of  frequency)  whereas  the  opposite  is  true  in  the  experimen¬ 
tal  case.  This  led  to  an  uncertainty  in  how  to  choose  the  equivalent 
gap  capacitances  when  using  the  circuit  to  predict  the  interaction 
impedance  of  resonators  with  overlapping  modes.  We  therefore  felt 
that  a.  different  equivalent  circuit  should  be  used,  one  which  would 
quite  accurately  predict  not  only  the  resonator  modes,  but  also  the 
R^/Q  of  the  resona.tor  in  the  two  modes. 

The  principal  reason  why  the  it-mode  R  is  lower  than  the 

2ir-mode  R  ,  /Q  in  an  inductively- coupled  multiple- cavity  resonator  is 
an 

that  a  portion  of  the  electran&gnetic  energy  in  the  resonator  is 
stored  in  the  slots  at  the  it  mode.  Of  this  energy,  the  electric 
energy  (energy  in  the  electric  field)  is  of  primary  interest  in  a 
klystron  resonator  since  the  beam  is  modulated  by  the  axial  component 
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of  the  electric  field.  The  R  .  /Q  is  therefore  normally  defined  in 

sn' 

terms  of  the  rf  gap  voltage  and  electric  stored  energy.  ',r'vt va¬ 

lent  circuit,  of  Fig,  3  does  not  simulate  the  lowered  it -mode  R  ,/Q, 

sh 

because  the  coupling  inductance  Lq  uoes  not  store  any  energy  in 
electric  fields.  The  search  for  a  more  adequate  equivalent  circuit 
was  therefore  directed  towards  circuits  in  which  the  coupling  circuit 
does  store  electric  energy  and  also  retains  its  inductive  nature. 

Two  circuits  were  investigated  in  detail.  The  circuit  equations 
of  both  were  solved  for  the  frequencies  of  the  characteristic  modes 
in  the  cases  where  the  two  resonator  cavities  were  assumed  to  be 
identical  and  lossless.  Expressions  were  also  derived  for  the 
Rsh/Q  of  the  circuits  at  the  two  modes  of  the  main  passba.nd.  Theo¬ 
retical  values  of  the  n’-mode  R^/Q  were  then  compared  with  cold-test 
results.  The  cold- test  resonators  used  for  the  comparisons  were 
high~Q  resonators,  which  closely  approximated  the  lossless  condition 
assumed  in  the  theoretical  calculations. 

B.  First  Equivalent  Circuit 

The  simplest  modification  that  can  be  made  to  the  circuit  of 
Fig.  1  in  order  to  -simulate  the  electric  energy  storage  in  the 
coupling  slots  of  an  actual  resona.tor  is  shown  in  Fig.  20.  The 
coupling  circuit  has  been  made  resonant  by  adding  a  capacitor  in 
parallel  with  the  coupling  inductance.  (A  series  resonant  circuit 
could  also  have  been  used,  but  the  parallel  circuit  better  represents 
the  actua.l  coupling  slots.)  The  capacitor  stores  electric  energy 
while  the  coupling  circuit  still  appears  inductive  as  long  as  its 
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Fig.  20  -  Two-gap  resonator  equivalent  circuit  with 
resonant  coupling. 


-1^3- 


resonant  frequency  in  higher  than  the  operating  frequency,  This 

equivalent  circuit  is  essentially  the  same  as  the  circuits  used  by 
7  8 

Chodorov  and  Allen  to  represent  slot- coupled  structures. 

1,  Modes  of  the  Lossless  Circuit 

The  modes  of  the  circuit  of  Fig.  20  were  found  for  the 
particular  case  where  the  two  resonator  cavities  are  a.ssumed  to 
be  identica.l  and  lossless.  This  was  done  by  setting  =  Lp, 

C1  =  c2,  Ei  =  Eg  =  0,  and  applying  Kirchhoff ' s  laws  to  the 
circuit.  The  resulting  equations  were  then  solved  for  the 
frequencies  at  which  the  circulating  currents  i  ,  i_,  and  io 
a.re  non  zero  when  the  two  induced  currents  I  and  Ip  are  zero. 
This  process  yields  three  modes.  At  one  of  these  modes,  the 
currents  i^  and  ip  are  equal  in  both  magnitude  and  phase.  Its 
frequency  is 


0) 


'GJi 


"  “i 


(12) 


where  is  the  resonant  frequency  of  the  lossless  and  uncoupled 
first  cavity  of  the  resonator. 

At  the  other  two  modes  of  the  circuit,  i  and  ip  are  equal 
in  magnitude  but  180  degrees  out  of  phase.  One  of  these  modes 
is  at  the  frequency  given  by 


( 13') 
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The  frequency  of  the  third  mode,  which  could  be  denoted  by 

o>c,  ca.n  be  found  from  Eq.  (13)  by  replacing  the  plus  sign  in 

front  of  the  radical  in  the  denominator  by  a  minus  sign.  Note 

that  00,  is  less  than  ox,  and  uo  is  grea.ter  than  ay  . 
b  J  c  1 

The  two-gap  cold-test  resonators  chosen  for  the  comparisons 
with  this  circuit  were  similar  to  the  resonator  depicted  in 
Fig.  21.  The  observed  2jt-mode  frequencies  were  all  approximately 
the  same  as  the  frequency  of  the  uncoupled  cavities  of  the 
resonator,  which  agrees  closely  with  the  2n-mode  frequency  given 
by  Eq.  (12).  The  measured  operating  3t-mode  frequency  of  each 
resonator  was  less  than  the  2it-mode  frequency.  Thus  the 
frequency  corresponds  to  the  observed  it- mode  frequency. 

2.  R  ,/Q  of  the  Circuit 
sn 

There  are  a  number  of  different  ways  to  define  both  the  Q 
and  the  shunt  resistance  of  a.  circuit  such  a3  the  one  in  Fig.  20. 
We  have  chosen  to  use  definitions  in  terms  of  stored  energy, 
power  loss,  and  effective  voltage.  Using  these  definitions,  the 
general  expression  for  R^/O,  ■  an  be  written'* 


R 


sh 


Q 


(HO 


We  have  defined  the  effective  voltage  V  of  the  circuit 
to  be 


V  = 


+ 


(15) 
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The  electric  stored  energy  is  given  by 


C1  A  +  °2  4  * c. 


(16) 


Using  Eqs .  (lh),  (3-5),  and  (16),  the  R^/Q  oi'  the  circuit 
of  Fig.  20  (with  lossless,  identical  cavities)  was  evaluated  at 
the  two  frequencies  =  <4^  and  co^  =  The  results  are 


where  (Rg is  the  R^/Q  of  the  uncoupled  first  cavity.  It 
is  related  to  the  resonant  frequency  and  capacitance  of  this 
cavity  by 


Note  that  Eq.  (19)  is  consistent  with  Eq.  (l1)). 

Comparison  with  Experiments!  Cases 

When  comparing  the  predictions  of  an  equivalent  circuit 
with  measured  values  from  a  physical  resonator,  it  is  necessary 


to  correctly  choose  the  circuit  parameters  to  properly  simulate 
the  real  case.  The  values  of  the  cavity  inductance  and  capaci¬ 
tance  to  use  (e.g.,  and  C^)  can  be  determined  from  measure¬ 
ments  of  the  resona.nt  frequency  and  E^/Q  of  the  uncoupled  cavity 
by  using  Eqs.  (lJ2)  and  (19)*  The  value  of  cavity  resistance  to 
use  (e.g.,  R^)  for  a  lossy  or  loaded  cavity  can  be  determined 
from  the  measured  Q  of  the  cavity.  When  using  the  circuit  of 
Pig.  1,  the  value  of  to  use  for  the  coupled- cavity  resonator 
ca.n  be  found  fran  measured  va.lues  of  the  frequencies  of  the  two 
modes  in  the  resonator  "before  it  is  coupled  to  any  external  load 
(see  Eq.  (l)  ).  When  using  the  circuit  of  Fig.  20,  two  param¬ 
eters  are  required  to  completely  specify  the  degree  of  coupling 
between  the  two  cavities.  We  have  chosen  these  parameters  to  be 
the  slot  resona.nt  frequency  cn  and  the  slot  inductance  L  .  It 
is  convenient  to  normalize  these  parameters  to  the  frequency  and 
inductance  of  the  uncoupled  first  cavity.  Thus  the  actual 
coupling  parameters  used  in  the  calculations  were  and 

L  /l, .  The  criteria  used  for  the  selection  of  the  numerical 
values  of  these  parameters  assumed  in  the  calculations  are 
described  below. 

The  resonant  frequency  of  a.  coupling  slot  is  related  to  the 
slot  dimensions.  In  tie  case  of  a  long,  narrow  slot,  the 
resonant  frequency  will  be  quite  close  to  the  frequency  at  which 
the  slot  is  one-half  wavelength  long.  In  terms  of  the  dimensions 
shown  in  Fig.  21, 
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where  c  is  the  velocity  of  light  expressed  in  the  same  units  of 
length  as  R  and  r,  and  0  is  given  in  radians.  If  R  and  r  are 
given  in  inches  and  G  in  degrees,  Eq.  (20)  can  be  rewritten: 
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Scott  and  Wa.nselow^0  have  found  that  Eqs.  (20)  and  (2l) 
predict  a  frequency  which  is  too  low  when  the  slot  width  (2r) 
is  not  small  compared  to  the  slot  length.  They  have  reported 
an  empirical  formula  for  finding  the  frequency  of  slots  like 
the  ones  shown  in  Fig.  21  when  they  are  used  in  structures 
similar  to  the  one  shown  In  the  figure.  Their  formula  is 
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where  R  and  r  are  specified  in  inches,  a.nd  0  is  given  in  degrees. 
The  coefficient  a  is  s.  function  of  the  2n-mode  frequency,  or 
very  nearly  the  .frequency  f ^ ,  in  our  case.  It  has  a  value  of 
approximately  2.1  at  3350  MHz  and  1.2  at  7100  MHz,  which  are 
the  two  frequencies  of  interest  to  us  here. 

Once  the  slot  frequency  fg  has  been  calculated  from  the 
slot  dimensions,  it  is  divided  by  the  measured  value  of  the 
cavity  frequency  f^  to  give  the  parameter  cq_/ . 


The  other  coupling  parameter,  L  /l^,  is  not  so  readily 
calculated  from  the-  resonator  uj.  mens  ions.  The  value  of  the 
inductance  could  be  found  from  a  know 'ledge  of  the  slot 
resonant  frequency  and  the  ratio  l/c^ .  This  latter  ratio  may 
in  turn  be  related  to  the  wove  admittance  of  the  slot  regarded 
as  a.  transmission  line^<'),^''','*‘‘~.  However,  it  is  not  entirely 
clear  how  to  relate  the  value  of  Lg  computed  in  this  way  to  the 
value  of  L  calculated  from  the  measured  frequency  and  Rg^/Q  of 
the  uncoupled  cavity  of  the  resonator.  It  is  possible  that  the 
correct  value  of  L  to  use  could  be  determined  fran  the  ratio 

o 

L  /C  obtained  from  a  direct  measurement  of  the  R^/Q  of  the 
slot.  However,  no  attempt  has  been  made  to  measure  either  the 
K  /Q  or  the  resonant  frequency  of  the  slots.  Furthermore, 

Su 

there  would  still  be  some  doubt  as  to  whether  the  value  of  L 

s 

was  correct  since  the  position  within  the  slot  where  its  R^/Q 
was  measured  would  have  to  be  chosen  arbitrarily. 

Because  of  the  uncertainty  mentioned  above  in  how  to 
directly  determine  the  correct  value  of  L  / Ln  corresponding  to 
a.  given  physical  resonator,  the  value  of  this  parameter  actually 
used  m  the  comparison  with  experimental  cases  was  chosen  as 
follows.  The  theoretical  slot  resonant  frequency  was  computed 
from  either  Eq.  (2l)  or  Eq.  (22),  and  then  L  /L,  was  adjusted 
until  co(/<d^  as  calculated  from  Eq.  (13)  was  the  same  or  nearly 
the  same  as  the  value  of  f  /f0  in  the  experimental  resonator 

7(  C1JI 

under  comparison.  The  predicted  (r^/q)^  was  then  computed 
from  Eq.  (l8)  and  compared  with  the  measured  value  of  (R^/Q)^. 
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Curves  showing  the  variation  of  the  theoretical  valuers  of 

go  /<jd  and  (R  /Q)  as  a  function  of  the  part: meters  cajcn  and 
it  l  sn  it  1'  s 

L_/L  are  plotted  in  Fig.  22.  The  value  assumed  for  (R  ./oh 
a  a  -  v~~sn'H'l 

in  this  figure  is  100  chn.s .  It  should  be  noted  that  the 
experimentally  observed  values  of  (R  /Q)  ore  approximately 

Sll  dt X 

twice  the  R  /Q  of  the  uncoupled  cavities  (in  the  case  of 

identical  cavities),  which  agrees  with  Eq.  (17). 

The  cold- test  resonators  chosen  for  the  theory-experiment 

comparison  are  two  which  were  reported  on  in  references.  )|  and  5. 

The  measured  it-mode  R  /Q  of  these  resonators  as  a  function  of 

the  frequency  separation  between  the  two  modes  wn  presented  in 

Fig.  2^  of  reference  ^  a.nd  Fig.  8  of  reference  5. 

The  numerical  results  of  the  comparison  are  listed  in 

Table  III.  The  value  assumed  for  (R  .  /Q)  in  the  theoretical 

calculations  was  the  value  measured  for  the  uncoupled  cavities 

of  each  resona.tor.  These  values  were  115  ohms  for  the  first 

resonator  (first  tliree  cases  in  Table  III)  and  108  ohms  for  the 

second  resona.tor  (last  three  cases  in  Table  III).  It  can  be 

seen  that  the  predicted  values  of  (R  ,/Q)  are  within  10  percent 

sn  it 

of  the  measured  values  in  four  cut  of  the  six  cases  where  the 
slot  frequency  was  taken  to  be  the  frequency  where  the  slot  is 
one-half  wavelength  long  (f  calculated  from  Eq.  (2l)).  The 
difference  between  the  predicted  and  measured  values  is  much 
greater  than  tills  in  five  of  the  six  cases  where  the  slot 
frequency  was  calculated  from  Eq.  (22).  This  is  rather  sur¬ 
prising  since  one  would  expect  the  predicted  results  to  be 
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better  when  the  slot  frequency  is  determined  from  the  more 
accurate  equation,  which  presurably  is  Eq.  (22).  However,  an 
examination  of  Fig.  22  does  show  that  the  slot  resonant 
frequency  must  be  quite  low,  near  f  when  Lo/L^  is  small  or 
even  less  than  f  if  L  /l  is  larg  y,  in  order  for  the  n-mode 
H  /Q  to  be  substantially  less  than  twice  (R  .  /q). ,  as  is 

Stl  oil  J. 

observed  experimentally.  Wlietlier  tills  is  on  indication  that 
the  circuit  of  Fig.  20  docs  not  adequately'  represent  the 
physical  resonator  or  instead  that  Eq.  (22)  is  not  u  good 
approximation  in  our  case,  or  both,  is  not  known.  In  order  to 
answer  the  question,  it  would  be  necessary  to  measure  the  slot 
frequency  and  possibly  also  the  slot  inductance  L  .  This  has 
not  been  done  as  yet. 

Second  Equivalent  Circuit 

A  method  for  establishing  lumped-element  equivalent  circuits 
which  correspond  closely  to  the  actual  geometrical  configuration  of 
microwave  structures  has  been  described  by  Curnow"' 3  ’  ^ Using  his 
techniques,  the  resonator  of  Fig.  21  would  be  represented  in  the 
lossless  case  by  the  circuit  depicted  in  Fig.  23.  The  cavity- 
inductance  is  split  into  two  parts  in  recognition  of  the  fact  that 
only  a  fraction  k  of  the  circulating  current  in  the  cavity  is  inter¬ 
cepted  by  the  coupling  slots.  For  example,  the  path  of  the  current 
in  the  first  cavity  which  is  intercepted  by  the  slots  is  represented 
by  the  inductance  I^/k,  and  the  remainder  of  this  cavity  is  repre¬ 
sented  by  the  inductance  L^/(l-k). 


c,  \ 
II 

1  \ 

£z  } 

i| 

t 

h 

II 

1-,/O-K) 

1 1 

t-l/(  ' -X) 

ML9JULSU-1 


vfiJKUUl/ 


vilf (mj- 


cAv/ry#t  cav/ty&z 


Fig.  23  -  A  second  two-gup  resonator  equivalent  circuit  with 
resonant  coupling. 


Curtiow  bus  shown  that  this  equivalent  circuit  is  more  nuoeenn- 
ful  than  the  circuit  oi  fig.  20  in  predicting  the  dispersion  diagram 
of  the  long-slot  structure,  which  is  basically  similar  to  the  cold- 
test  resonators  w<‘  arc  concerned  with  here.  It  ulso  represents  quite 
well  the  variation  of  the  Pierce  impedance  of  this  structure  a:-,  a 
function  of  the  phase  shift  per  section.  For  these  reasons,  and  ulso 
because  it  morn  closely  represents  the  geometry  of  the  pi  ly  si  cal 
resonator,  it  was  hoped  that  this  circuit  would  predict  the  experimen¬ 
tally  observed  behavior  of  the  jt-mode  R^/Q  even  more  accurately  than 
did  the  previous  circuit. 

1.  Modes  of  the  Lossless  Circuit 

The  characteristic  modes  of  the  circuit  shown  in  Fig,  23 
were  solved  for  using  the  same  procedure  as  described  for  the 
previous  circuit  (Fig.  2o).  Kirchhoff’s  laws  were  applied  to 
the  circuit,  and  the  resulting  equations  were  solved  for  the 
frequencies  where  i  ,  i^,  and  i  arc  non  zero  when  the  two 
induced  gap  currents  I  and  I  are  zero.  The  two  cavities  of 
the  resonator  were  assumed  to  be  identical  (C^  -  Cg  a.nd  -  I^)  . 

This  circuit  also  1ms  three  characteristic  modes.  As  before, 
the  two  currents  i^  and  i^  are  in  phase  and  equal  ill  magnitude 
at  one  of  the  modes.  This  mode,  which  corresponds  to  the 
observed  2 it  mode  of  the  cold-test  resonator,  is  at  the  frequency 


(23) 
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At  the  other  two  modes,  and  i0  ,  re  equal  in  magnitude 


U.,4-  iQa  A  - - „ - J  ~  j-«  -.1 _ 

uui>  iw  uut  ux  jiiiUiav  , 


OllC  Of  these  two  modes  is  lower 


in  frequency  than  <r>^  and  therefore  corresponds  to  the  measured 
Jt  mode  of  the  cold-test  resonator.  Its  frequency  is 


Mote  that  Eq.  (?.h)  reduces  to  Eq.  (13)  when  k  is  unity,  as 
it  should  since  the  circuit  of  Fig.  23  becomes  the  circuit  of 
Fig.  20  when  k  =  1. 

The  frequency  cn  of  the  other  it  mode  can  be  found  from 

Eq.  (2h )  by  replacing  the  plus  sign  in  front  of  the  radical  in 

the  denominator  by  a  minus  sign. 

2.  R  , /Q  of  the  Circuit 
sh  _ 

The  R^/Q  °f  this  circuit  was  defined  the  same  as  in  the 

case  of  the  previous  circuit.  The  expressions  for  the  circuit 

R  ,  /Q  at  the  two  modes  of  the  resonator  were  found  by  cvaluat- 
sh  J 

ing  Eqs.  (l^),  (15),  and  (16)  at  the  two  frequencies  cn  =  ou 

a  die 


and  cjd^  =  0^  given  above.  The  results  a  e 
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where ,  as  before,  (R  ,/Q).  is  the  R^/Q  of  the  uncoupled  cavity 
of  the  resonator,  and  in  still  related  to  and  by  Eq.  (19). 
Eq.  (26)  reduces  to  Eq.  (18)  when  k  is  unity. 

3.  Comparison  with  Experimental  Cases 

The  R  ^  /Q  predictions  of  this  circuit  were  also  compared 
with  the  measured  values  listed  in  Table  III.  As  before,  the 
slot  frequencies  used  in  the  computation  of  cd^  and  then  (R  /Q) 

were  calculated  from  both  Eq.  (2l)  and  Eq.  (22).  Initially,  the 
value  of  the  factor  k  used  in  each  case  was  taken  to  be  the 
actual  circumferential  fraction  of  the  wall  between  the  cavities 
chat,  was  taken  up  by  the  coupling  slots*  As  v/tib  uone  v/lth  the 
previous  circuit,  the  parameter  Ls/L^  was  adjusted  until  the 
calculated  value  of  cd  /av  agreed  with  the  experimental  value  of 

TL  1 

f  /f„  .  r'he  theoretical  it -mode  R  ,/Q  was  then  computed  and 
it  2it  sh 

compared  with  the  cold-test,  values. 

In  every  instance,  the  predicted  value  of  (R^/Q)  waG  much 
too  high  and  in  many  cases  was  greater  than  (R^/q)^,  which  is 
contrary  to  experiment.  In  order  for  the  theoretical  it-mode 
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/Q,  given  by  this  circuit  to  be  re?'  sonubly  close  to  the 
experiment-ill  values,  k  would  huvo  to  be  assumed  considerably 
largei’  tlimi  the  actual  geometrical  value.  It  is  difficult  to 
conceive  of  n  pliysicnl  reason  wtiy  this  should  be  true.  Because 
of  the  lack  of  success  initially  encountered  with  this  circuit, 
the  investigation  into  its  properties  was  terminated. 

Dc  Conclusions 

The  equivalent  circuit  which  should  be  selected  for  the 

theoretical  analysis  of  extended-interaction  resonators  with  mode 

overlapping  is  the  one  wliich  is  the  simplest  avid  yet  adequately 

represents  the  physical  resonators.  The  circuit  of  Fig.  1  is  the 

simplest  of  the  three  described  in  this  report,  and  its  single  shunt 

coupling  inductance  docs  simulate  very  well  the  behavior  of  the 

frequencies  of  the  two  resonator  modes  as  a  function  of  the  coupling 

between  the  two  cavities.  However,  as  observed  previously,  this 

circuit  predicts  a  higher  vn.lue  of  the  it-modc  R  ,  /Q  than  the  2jr-mode 

Rsh/Q,  which  is  contrary  to  experiment .  This  leads  to  an  uncertainty 

in  how  to  relate  the  circuit  capacitance  values  to  measured  quantities 

in  an  actual  resonator  if  the  circuit  is  to  correctly  predict  the 

magnitude  of  the  resonator  interaction  impedance. 

Tlio  two  equivalent  circuits  shown  in  Rig.  20  and  Rig.  23  are 

moie  complex  than  the  previous  circuit,  hut  they  do  predict  (R  ,/Q) 

sn 

to  be  lower  than  (H  ,/Q)  In  certain  cures.  A  comparison  between 
sh  .it 

these  two  circuits  and  measured  values  from  cold-test  resonators 
indicates  that  the  cjr-ult  op  Fir..  '  0  comes  closest  to  simulating  the 


experimental  R  /Q  values.  However,  a  final  judgement  on  how  well 
either  circuit  could  represent  an  actual  resonator  cannot  be  made  at 
this  time  because  it  is  not  clear  how  to  relate  all  of  the  coupling 
parameters  of  these  two  circuits  to  pliysicul  slot  dimensions  or  to 
quantities  which  can  be  measured  in  cold  test.  If  this  could  be 
done,  one  of  these  two  circuits  would  probably  be  the  best  choice  for 
resonator  synthesis  (predicting  the  individual  cavity  and  coupling 
slot  parameters  required  to  achieve  a  given  overall  resonator  electrical 
characteristic)  since  they  more  caipletely  describe  the  coupling  slot 
parameters  than  does  the  circuit  of  Fig.  1.  But  the  circuit  of  Fig.  1 
is  still  the  most  efficient  circuit  to  use  for  the  general  prediction 
of  the  overall  resonator  behavior  as  a.  function  of  the  frequency 
separation  between  the  two  modes,  because  the  other  two  circuits 
require  a.  more  detailed  specification  of  the  slot  parameters  than  is 
necessary  for  this*  type  of  analysis. 

The  question  still  remains  as  to  whether  the  capacitances  of 
this  circuit  should  be  defined  in  terms  of  parameters  measured  at  the 
ji  mode  frequency  or  the  2k -mode  frequency  when  the  modes  overlap. 

This  will  best  be  determined  from  cold-test  measurements  of  the 
resonator  interaction  impedance.  Since  this  cold-test  data,  is  not 
now  available,  some  insight  into  the  answer  to  this  question  was 
gained  by  computing  the  intera.ction  impedance  of  the  circuit  of  Fig. 

20  in  the  driven  case  and  comparing  the  results  with  a  similar  case 
computed  from  the  circuit  of  Fig.  1.  The  circuit  of  Fig.  20  was 
chosen  to  be  the  "standard  of  comparison"  because  it  does  predict  the 
measured  relationship  between  the  n-mode  R  /Q  and  the  2«-mode 
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R  ,  /Q  fairly  wel]  in  some  cases.,  and  it  was  the  best  circuit  avail- 
sh 

able  to  us  from  this  standpoint. 

The  circuit  parameters  assumed  for  the  calculation  were  selected 
so  the  results  could  be  meaningfully  compared  with  the  curve  of  Fig. 
lit  for  which  =  1.0.  (The  impedance  represented  by  this  latter 
curve  was  calculated  from  the  circuit  of  Fig.  1,  and  the  circuit 
capa.citances  were  ba.sed  on  resonator  parameters  assumed  to  be 
measured  at  the  frequency  of  the  uncoupled  cavities,  which  is  very 
nearly  the  2jt-mode  frequency.)  The  coupling  parameters  o>g/ax  and 
L  /L  were  chosen  to  give  the  same  frequency  separation  between  the 
two  modes  in  the  lossless  ease  as  in  the  lossless  circuit  of  Fig.  1 
with  Cf  =  0.13  and  y?  =  1.0.  The  second  cavity  wa.s  then  assumed  to  be 
loaded  to  a  Q  of  five  and  the  interaction  impedance  was  computed  from 
Eq.  (l-?9) ,  as  before. 

There  are  a  large  number  of  combinations  of  cog/cD^  and  Lc/L^  which 
will  give  the  desired  mode  separation  in  the  lossless  case.  The 
computed  power  output  (proportional  to  the  real  part  of  the  interaction 
impedance)  for  two  of  these  combinations  is  shown  in  Figs.  2  It  and  25. 
The  synchronization  between  the  beam  and  the  circuit  (specified  by 
0  )  was  adjusted  in  each  case  to  yield  approximately  equal  impedances 

2  t. 

in  the  two  modes.  The  values  of  6^  differ  slightly  from  that  assumed 
in  the  curve  of  Fig.  lit,  which  is  plotted  as  the  dashed  curve  for 
direct  comparison. 

The  important  information  to  be  gathered  from  these  two  figures 
is  that  in  both  instances  the  magnitude  of  the  impedance  predicted 
by  the  circuit  of  Fig.  20  is  very  close  to  the  magnitude  of  the 
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Fig.  2h  -  Predicted  power  responses  of  a  driven  two-gap  resonator  as  given  by  two 
different  circuits.  The  mode  separation  in  the  lossless  case  is  the 
same  in  both  circuits. 


Fig.  25  -  A  second  comparison  between  the  resonator  power  responses  predicted  by  the 
two  different  circuits.  The  values  of  au/'Jp,  and  L^/L^  have  been  changed ^ 
but  the  mode  separation  in  the  lossless  iase  is  still  the  same  as  in  Fig.  2b. 


Impedance  predicted  by  the  circuit  of  Fig.  1,  when  the  capacitances 

of  this  latter  circuit  were  assumed  to  be  based  on  the  value  of 

(R  . /Q),  measured  at  <x>  .  We  have  therefore  concluded  that  the  circuit 
'  sir  1  1 

capacitances  in  Fig.  1  should  be  defined  in  terms  of  the  measured 

R  ,  /Q,  of  the  individual  uncoupled  cavities.  It  is  recognized  that 
sh 

before  this  circuit  can  be  used  with  complete  confidence,  its 
predictions  of  the  interaction  impedance  of  two-gap  extended- inter¬ 
action  resonators  with  mode  overlapping  will  have  to  be  compared  with 
measured  values  of  this  impedance ,  Cold-test  techniques  which  will 
allow  us  to  perform  these  measurements  will  be  developed  during  the 
next  reporting  period. 


CONCLUSIONS  AND  IUTURE  PLANS 


A,  Introduction 

Throughout  the  preceding  sections  of  this  report,  conclusions 
hove  been  drawn  fran  the  results  presented.  The  most  significant  of 
these  conclusions  are  reiterated  in  this  section  and  the  proposed 
direction  of  future  work  is  described. 

B.  Conclusions 

The  characteristic  properties  of  two-gap  extended-interaction 
resonators  operating  under  conditions  of  mode  overlapping  have  been 
studied.  The  most  practical  resonator  model  for  the  analysis  is  a 
lumped- element  equivalent  circuit  in  which  the  coupling  between  the 
two  cavities  is  represented  by  a  single  circuit  element. 

Computer  programs  were  developed  for  the  calculation  of  the 
characteristic  modes  and  the  frequency  response  of  the  resonators. 
The  influence  of  the  following  parameters  on  the  general  frequency 
response  of  the  resonators  was  established:  the  coupling  between  the 
two  cavities,  the  degree  of  loading  and  location  of  the  external 
load,  the  beam  synchronization  parameter,  and  the  relative  frequency 
of  the  two  cavities. 

The  results  show  that  resonators  with  mode  overlapping  can  be 
used  for  increasing  the  bandwidth  of  klystrons.  For  an  interaction 
impedance  in  the  region  of  l800  ohms,  the  1  db  bandwidth  predicted 
for  s.  twG-gs.p  extended - interac tion  resonator  with  mode  overlapping 
is  approximately  a  factor  three  larger  than  for  a  two-gap  extended- 
interaction  single- mode  resonator.  The  bandwidth  advantage  over  the 
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single-gap  cavity  is  approximately  four  to  otic.  The  "bandwidth  is 
about  th  -  same  as  for  the  structurally  more  complex  two-gap  single- 
section-  1 liter  loaded  resonator.  However,  the  frequency  response  of 
the  resonator  will  mode  overlapping  shows  a  larger  sensitivity  to  the 
beam  voltage  than  single-mode  resonators. 

C.  Future  Plans 

The  study  of  extended-interaction  resonators  with  mode  over¬ 
lapping  will  continue  during  the  next  reporting  period.  In  order  to 
provide  the  necessary  tools  for  further  evaluation  of  the  resonators, 
new  analytical  as  well  as  cold-test  methods  must  be  developed. 

A  small-signal  computer  program  will  be  developed  for  calculating 
the  amplitude  and  phase  response  of  buncher  systems  using  extended- 
interaction  resonators  with  mode  overlapping.  This  program  will  be 
used  for  finding  the  design  criteria  for  buncher  systems. 

The  most  straightforward  approach  to  the  buncher  synthesis  is  to 
design  each  individual  buncher  resonator  with  full  bandwidth  coverage 
(except  for  the  penultimate  resonator  system  which  must  be  tuned 
outside  the  frequency  band).  The  relatively  high  interaction  impedance 
which  can  be  expected  from  resonators  with  mode  overlapping  indicates 
that  this  approach  is  feasible  and  will  be  tried  first.  The  expected 
small- signal  gain  per  stage  is  in  the  region  of  10  db. 

The  development  of  a  large-signal  computer  program  for  the  final 
evaluation  of  output  resonators  will  be  started.  This  program  will 
be  capable  of  simulating  and  accounting  for  the  remodulation  of  the 
beam  in  the  output  resonator. 
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The  development  of  measurement  techniques  for  resonators  with 
mode  overlapping  will  be  completed.  This  is  necessary  for  the  cold- 
test  evaluation  of  both  buncher  and  output  resonators.  The  first 
step  in  this  work  is  to  establish  exactly  what  information  cun  be 
obtained  from  standard  impedance  measurements  where  the  resonator  is 
excited  in  the  load  port.  The  evaluation  of  bunc.her  resonators  by 


cold  test  will  be  started. 
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GLOSSARY  OF  SYMBOLS 


a 

tU 

cl 

A 

b 


L 


0 


Drift  tube  inner  radius 
Amplitude  coefficient  of  the  current  I 
Amplitude  of  the  current  I 
Beam  radius 
Velocity  of  light 
Equivalent  gap  capacitances 
Coupling  capacitance  in  the  circuits  of  Fig.  20  and  Fig.  23 
Capacitive  reactance  matrix,  defined  by  Eq.  (l-^) 
Interaction  gap  length 

Normalized  capa.cita.nce  matrix,  defined  by  Eq.  (X-2l) 
Coupling  slot  resonant  frequency 
jt-mode  frequency 
2rr-mode  frequency 

Circulating  cavity  currents,  defined  in  Fig.  1 

Circulating  current  in  the  coupling  circuits 
(Fig.  20  and  Fig.  23) 

Circulating  cavity  current  vector 

Induced  gap  currents,  defined  in  Fig.  1 

Induced  gap  current  vector 

VT 

The  fraction  of  the  circulating  cavity  current  which  is 
intercepted  by  the  coupling  slots  in  a  coupled- cavity 
resonator 

Impedance  matrix,  defined  by  Eq.  (1-5) 

Coupling  inductance  in  the  circuit  of  Fig.  1 
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Equivalent  cavity  inductances 

Coupling  inductance  in  the  circuits  of  Pig.  20  and  Fig.  23 

Normalized  impedance  matrix,  defined  by  Eq.  (l-22) 

Spacing  between  the  centers  of  the.  gaps  in  on 
extended - inters c ti on  rcsona  tor 

Average  power,  or  real  part  of  F 

Complex  power 

Total  loaded  Q-vulues  of  the  cavities  of  a  two-gap 
resonator,  measured  before  tlie  two  cavities  arc  coupled 
together 

Coupling  slot  end  radius  (Fig.  21) 

Mean  coupling  slot  radius  (Fig.  21) 

Equivalent  cavity  series  resistances 
Cavity  shunt  resistance 

Cavity  characteristic  impedance  quality  factor 
DC  beam  velocity 
Stored  energy 

Effective  rf  resonator  voltage 

RF  gap  voltage  vector 

RF  gap  voltages,  defined  in  Fig.  1 

Rea.ctancc  of  the  coupling  inductance 

Series  cavity  impedances,  defined  by  Eq.  (1-7)  sad 
Eq.  (1-11) 

Elements  of  the  circi^Lt  impedance  matrix  Z 


Resonator  interaction  impedance 

Circuit  impedance  matrix,  defined  by  Eq.  (l-15) 
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Coupling  parameter  associated  with  the  circuit  of  Fig.  1 

(a  =  lA) 

Propagation  factor  associated  with  the  de  beam  velocity 
(P  =  o)/u  ) 

Normalized  spacing  between  the  centers  of  the  -ns  in  an 
extended- interaction  resonator 

vS. 

Coupling  slot  angle,  defined  in  Fig.  21 
Phase  cf  I  relative  to  1^ 

Imaginary  part  of  the  complex  frequency  of  (except  in 
Eq.  (23),  where  a  is  an  empirical  correction  factor) 

Angular  frequency  (real  part  of  cn1) 

Complex  angular  frequency 

Angular  resonant  frequencies  of  the  two  resonator  cavities 
before  they  are  coupled  together 

Angular  frequencies  of  the  three  characteristic  modes  of 
the  circuits  of  Fig.  20  and  Fig.  23,  in  the  lossless  case 

Angular  frequency  of  the  nth  mode 

Coupling  slot  angular  resonant  frequency 

Angular  jr-mode  frequency 


Angular  2jt-mode  frequency 


APPENDIX  I 


DERIVATION  OF  THE  BASIC  EQUATIONS  USED  IN  TiE  ANALYSIS  OF 
TWO-GAP  EXTENDED- INTERACTION  RESONATORS 

A.  CIRCUIT  IMPEDANCE  MATRIX 

The  lumped -element  equivalent  circuit  used  to  represent  two-gap 
extended- interaction  resonators  is  shown  in  Fig.  1,  page  6.  Applying 
Kirelihoff  's  laws  to  the  circuit  arid  writing  the  resulting  equations 
in  matrix  form,  we  obtain 


Ki  =  C  I 


(I-D 


where 
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Zo  is  the  reactance  of  the  coupling  inductance,  and  and  Z^  are 
the  series  impedances  of  the  first  a.nd  second  cavities,  respectively: 


Zo  =  **0 
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similarly 


Z2  =  Jui2 
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I  -  2 


It  is  easy  to  show  that  the  gap  voltage  vector  V  is  related  to 
the  two  current  vectors  and  the  gap  capacitance  matrix  through  the 
equation 


V  -  £ (I  -  i) 

where 


!h 


Combining  Eqs  (I-l)  and  (1-12),  we  obtain: 

V=CI  -  CK^CI 


(1-12) 


d-13) 


(I-1M 


We  have  defined  the  circuit  impedance  matrix  Z^  to  be 

Z  =  C  -  C  K-1C 
which  yields  the  relationship 

V  =  Z  I 


(1-15) 


(1-16) 


It  is  useful  to  write  the  expression  for  Z ^  in  a  slightly 
different  form  by  using  the  parameters  of  cavity  #1  as  a  reference. 
Using  0)^  and  for  reference  in  Eq  (I-ll),  Zg  becomes 


Z2  =  P2 


2  /_1\2  ^1  J2 

”  *^2  0  a  Qg 


where 


(1-17) 


(1-18) 


I  -  3 


and 


ox 


With  Z?  given  by  Eq  (1-17),  Z£  can  be  expressed  as 


Z  ~  -  ~ 
~c  o£. 


^  -1 

D  +  (— )  D  M  D 


(1-20) 


where 


D  «=  ja>C,  C 
~  1  ~ 


(1-21) 


and 


M  =  £ 


(1-22) 


In  an  ordinary  R-L-C  circuit,  such  as  we  are  using  to  represent 

cavity  f 1  or  cavity  #2  in  Fig,  1,  the  ratio  of  the  equivalent  shunt 

resistance  to  the  circuit  Q  (Rgh/Q)  can  be  expressed  as  the  reciprocal 

uf  the  product  of  the  circuit  capacitance  and  resonant  frequency. 

J.n  order  to  relate  the  capacitances  in  our  equivalent  circuit  to  a 

particular  two-gap  resonator  operating  in  some  given  mode,  we  have 

chosen  to  define  the  capacitances  and  in  terms  of  the  measured 

R  . /Q  of  the  resonator  at  the  given  mode  end  the  mode  frequency.  So, 
sh 

for  example, 


R  v, 

1  /  sh\ 

C1  =  °n  ^  Q.  ^1 


(1-23) 


1  -  h 


where  is  the  angular  frequency  of  the  mode  of  interest.  In  th“ 

most  common  case  where  the  resonator  gaps  are  identical,  (R  ,/Q) 

sn.  1 

is  taken  to  he  one  half  the  measured  R  ,  /Q  of  the  overall  resonator 

sn 

for  that  mode. 

Substituting  Eq  (l-23)  into  Eq  (1-20),  the  final  expression  for 
the  circuit  impedance  matrix  becomes 


B.  Resonator  Interaction  Impedance 

We  have  chosen  to  define  the  interaction  impedance  of  the 
resonator  in  terms  of  the  power  delivered  to  the  resonator  for  a 
specified  current  excitation  of  the  resonator.  The  complex  power 
delivered  to  the  resonator  is  given  by 

P  =  V  I*  (1-25) 

where  W  is  the  transpose  of  the  column  vector  V,  the  asterisk 
indicates  complex  conjugate,  and  the  bar  over  the  P  is  used  to 
indicate  that  the  power  as  defined  here  is  complex. 

Using  the  induced  current  in  the  first  gap  as  a  reference,  the 
most  general  expression  for  the  current  vector  I  is 


(1-26) 


I  -  5 


The  voltage  vector  is  related  to  the  circuit  impedance  matrix 


and  the  current  vector  by 


I  = 


'll 

Z12 

‘21 

Z22 

(1-27) 


Substituting  Eqs  (1-26)  and  (l-27)  into  Eq  (1-25),  and 
recognizing  that  =  2.^  since  the  resonator  is  passive,  the 
expression  for  the  complex  power  becomes 


P 


11 


Z12 


cos  6, 


(1-28) 


The  resonator  interaction  impedance  is  defined  to  be 


(1-29) 


so 

Zc  “  Z11  +  a22  ^2  +  2a2  Z12  C0S  02  (1-30) 

The  power  dissipated  in  the  resonator  and  its  associated 
external  load  is  just  the  real  part  of  the  complex  power.  That  is, 

2 

P  =  |  Re  (V  I* )  =  |  Re  Zc  (l-3l) 

C.  Frequencies  arid  Q's  of  the  Characteristic  Resonator  Modes 

The  characteristic  mode  frequencies  of  the  resonator  are 


1-6 


defined  to  be  the  frequencies  for  which  the  voltage  vector  V  is 
non  zero  when  there  is  no  external  excitation  of  the  resonator 
(£  =  0)  .  When  I  =  0,  Eqs  (l-l)  and  (l-12)  become 

K  i  =  0  (1-32) 

and 

v--£i  (i-33) 

Barring  the  cases  where  either  the  frequency  or  the  circuit 
capacitances  are  infinite,  Eq  (l-33)  shows  that  for  V  to  be  non  zero, 
i^ must  be  non  zero.  With  that  being  true,  Eq  (I-32)  is  satisfied 
only  if  the  determinant  of  the  K  matrix  is  zero 

|k|  =  0  (1-3*1) 

Only  in  the  lossless  case  can  this  last  equation  be  satisfied 
at  real  frequencies.  In  the  cases  with  loss,  the  characteristic 
modes  are  found  by  solving;  for  uhe  complex  frequencies 

<n'  =  u>  +  J  o  (1-35) 

which  are  the  roots  of  Eq  (l-3^). 

The  Q  of  each  mode  of  the  undriven  resonator  can  be  found  fran 
the  complex,  frequency  corresponding  to  that  mode.  The  Q  is  given 
by3 

« =  h  <*-*> 
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D.  Gap  Voltages  at  the  Modes  of  the  Undriven  Resonator 

Combining  Eqs  (I-l)  and  (l-12)  when  1^  «=  0  yields  the  equation 

K  C'1  V  =  0  (l-37) 

Tills  equation  can  be  used  to  find  the  phase  and  amplitude  of 
relative  to  at  the  modes  of  the  undriven  resonator  by  evaluating 
it  at  the  complex  frequency  roots  of  Eq  (1-3*0  • 
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